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Abstract. Despite its fundamental importance in radiative transfer, atmospheric
dynamics, and the hydrological cycle, atmospheric water is inadequately characterized
particularly at a global scale. Occultation measurements from the Global Positioning
System (GPS) should improve upon this situation. Individual occultations yield profiles of
specific humidity accurate to 0.2 to 0.5 g/kg providing sensitive measurements of lower and
middle tropospheric water vapor with global coverage in a unique, all-weather, limb-
viewing geometry with several hundred meters to a kilometer vertical resolution. We have
derived water vapor profiles from June 21 to July 4, 1995, using GPS occultation data
combined with global temperature analyses from the European Center for Medium-Range
Weather Forecasts (ECMWF) and reanalyses from the National Centers for
Environmental Prediction (NCEP). The zonal mean structure of the profiles exhibits basic
climatological features of tropospheric moisture. Specific humidity biases between the GPS
results and the ECMWEF global humidity analyses in the middle to upper troposphere are
~0.1 g/kg or less. Occultation results below 6 km altitude are generally drier than those of
ECMWEF with the bias generally increasing toward warmer temperatures. Near the height

of the trade wind inversion, the ECMWF analyses are significantly moister than the
occultation results due to vertical smoothing and overextension of the boundary layer top
in the analyses. Overall, the occultation results are drier than the NCEP reanalyses with a
marked exception near the Intertropical Convergence Zone (ITCZ) where occultation
results are wetter by more than 10%. The occultation results are significantly wetter near
the ITCZ and drier in the subtropics than the classical moisture climatology of Peixoto
and Oort. Similarities between the NCEP and the Peixoto and Oort near-ITCZ
differences suggest that a common analysis/model problem may be responsible. The
generally wetter Peixoto and Oort results in the subtropics are due in part to moist
radiosonde biases. Discrepancies between these data sets are significant and limit our
ability to resolve uncertainties in moisture control and feedbacks in a changing climate.

1. Introduction

Water vapor is a crucial element in weather, climate, and
hydrology. It is fundamental to the global energy and hydro-
logical cycles, and the transfer of energy via its phase changes
provides much of the energy that drives atmospheric circula-
tion. Moisture availability over land largely defines the conti-
nental biosphere, making precipitation and its predictability
extremely important. Moreover, water vapor is the dominant
greenhouse gas with a nonlinear sensitivity to thermal pertur-
bations resulting from changes in other greenhouse gas con-
centrations. Even though upper tropospheric concentrations
are orders of magnitude less than those in the boundary layer,
water vapor distribution throughout the troposphere exerts a
large influence on surface temperature [Shine and Sinha,
1991]. The small amount of atmospheric moisture in the liquid
and solid condensed states exerts an enormous influence on
both shortwave and longwave radiative transfer within the at-
mosphere. The complexity of clouds is such that even the sign
of their influence under predicted climatic change scenarios is
uncertain. The phase transitions of water are fundamental in
transferring energy from the surface into the atmosphere ac-
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counting for roughly 3 times the transfer associated with sen-
sible heating [Kiehl and Trenberth, 1996].

The need for global high vertical resolution observations of
water vapor, leading to a better characterization and under-
standing of the global energy and hydrological cycles, particu-
larly over oceanic regions, has been discussed by Starr and
Melfi [1991]. Studying Earth’s environment at the planetary
scale requires precise and globally distributed measurements
from space. Present satellite observations of moisture have
yielded much insight into the horizontal distribution of water
vapor on a global scale. However, the vertical information is
limited to an integrated column or a few levels spread across
the troposphere, quite coarse in comparison to the scales over
which water is known to vary. Furthermore, infrared (IR)
soundings are limited by the presence of clouds and aerosols.
Passive microwave remote sensing instruments are also subject
to biases and ambiguities associated with surface emissivity.
These problems limit our ability to characterize the climato-
logical behavior of atmospheric moisture and to analyze and
simulate important aspects of the climate system.

A Global Positioning System (GPS) occultation occurs when
a GPS satellite is setting or rising behind the Earth’s limb as
viewed by a receiver in low-Earth orbit. GPS occultation mea-
surements complement passive IR and microwave sounders in
several aspects. GPS occultations (1) provide an active probing
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of the atmosphere, (2) work under all-weather conditions due
to the insensitivity of the ~20 cm GPS wavelength to scattering
by clouds, aerosols, and precipitation, (3) provide relatively
high vertical resolution throughout the depth of the tropo-
sphere associated with the limb-viewing geometry, and (4)
provide bias-free estimates of refractivity due to insensitivity to
surface emissivity, very accurate measurements of the signal
time delay, and the ability to calibrate the source signal during
each occultation, making these observations free of any long-
term drift. Each GPS occultation yields a profile of refractivity
from ~50 km altitude to the surface. By combining the ideal
gas law and hydrostatic equilibrium, refractivity profiles can be
converted into pressure and temperature profiles in regions
where water vapor is negligible in the upper troposphere and
middle atmosphere. In the middle and lower troposphere,
given an independent knowledge of temperature, GPS refrac-
tivity measurements are best used to derive profiles of water
vapor partial pressure or specific humidity, complementing
passive observations of radiance which are related more di-
rectly to relative humidity. The resolution of a GPS occultation
is set by the Fresnel diffraction-limited pencil-shaped sampling
volume of each measurement which has a horizontal resolution
of 200-300 km in the direction along the occulted link and a
resolution of the diameter of the first Fresnel zone (~1 km or
better) in the cross-link and vertical directions. The ~1 km or
better vertical resolution significantly surpasses that obtained
from present satellite observations. (For a detailed description
of the GPS occultation technique, resolution, and theoretical
accuracy, see Kursinski et al. [1997].)

Radio occultations have been applied for decades in
NASA’s planetary occultation experiments [e.g., Fjeldbo et al.,
1971; Tyler, 1987]. However, the application of the technique
to sense the Earth’s atmosphere had to await the development
of an infrastructure built for entirely different purposes,
namely, the set of 24 GPS satellites launched and maintained
by the Department of Defense (DOD) for the purpose of
navigation. As these satellites became operational, it became
clear to some [e.g., Yunck et al., 1988; Gurvich and
Krasil’nikova, 1990] that placing a receiver in low-Earth orbit
(LEO), with a full 360° field of view of the Earth’s limb, would
provide about 500 globally distributed occultations daily at a
very low cost. This concept was tested for the first time with the
GPS Meteorology (GPS MET) experiment which launched a
GPS receiver in LEO in April 1995. The GPS-MET experi-
ment, managed by the University Corporation for Atmo-
spheric Research (UCAR) [Ware et al., 1996], consisted of a 2
kg GPS receiver piggybacked on the MicroLab I satellite,
which has a circular orbit of 740 km altitude and 70° inclina-
tion. The GPS receiver is a space-qualified TurboRogue [Mee-
han et al., 1992] capable of tracking up to eight GPS satellites
simultaneously at both frequencies transmitted by GPS. Be-
cause of the limited field of view of the GPS receiver’s antenna
and the onboard memory limitation of the satellite, the GPS-
MET receiver collected between 100 and 200 globally distrib-
uted occultations daily until February 1997.

Several studies have shown that GPS-MET temperature
profiles are accurate to better than 1°-2°K between ~5 and 30
km altitudes [Hajj et al., 1996; Kursinski et al., 1996; Ware et al.,
1996; Rocken et al., 1997] and that geopotential heights of
constant pressure levels in the same region are accurate to
better than 20 m [Leroy, 1997].

Our objectives in this study are (1) to demonstrate the ability
to derive tropospheric water vapor profiles from the GPS oc-
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cultations, (2) to assess the quality of these profiles, and (3) to
characterize the present knowledge of water vapor, particularly
as represented by global humidity analyses such as those of the
European Center for Medium-range Weather Forecasts (EC-
MWEF) and National Centers for Environmental Prediction
(NCEP). These objectives are accomplished first by comparing
individual water vapor profiles obtained from the GPS MET
with those derived from nearby radiosondes and the analyses
and, second, by comparing time and zonal averages of water
vapor obtained from GPS MET with corresponding averages
obtained from the ECMWF analyses, NCEP reanalyses, and
the classic moisture climatology developed by Peixoto and Oort
[1992]. Given the limited GPS-MET data set, zonal averaging
is necessary to improve the statistical robustness of the global
moisture distribution estimate. Through these comparisons, we
also hope to gain some insight into the impact of GPS occul-
tation data on water vapor characterization and modeling.

Our paper is structured as follows: In section 2 we present a
summary of how middle and lower tropospheric water vapor
profiles can be derived from GPS occultation measurements.
Section 3 describes the expected errors in derived specific
humidity. Section 4 describes some technical details regarding
the processing of GPS/MET data collected during June 21 to
July 4, 1995, and how this data set compares with a somewhat
inferior data set collected earlier in the experiment. In section
5 we present several individual profiles of water vapor and
compare them with the ECMWEF analyses and nearby radio-
sondes. In section 6 the zonal mean distribution of GPS-
derived moisture and several associated climatological features
are presented. The GPS-based zonal mean humidity is com-
pared with the ECMWF analyses, NCEP reanalyses, and the
climatology of Peixoto and Oort in section 7. A summary and
conclusions are given in section 8.

2. Deriving Water Vapor Profiles From GPS
Occultations

In a GPS radio occultation, the primary observable is the
additional propagation delay due to the reduction of the speed
of light in the atmosphere relative to a vacuum. The time rate
of change of the additional delay is directly related to the
bending angle from which the atmospheric index of refraction
is derived as a function of height [Fjeldbo et al., 1971]. Atmo-
spheric refractivity at microwave wavelengths is given by
(Smith and Weintraub [1953], see also Thayer [1974] and Kurs-
inski et al. [1997]).

P P,
NE(n—l)XlO“zalT—FaZF, (1)

where

n index of refraction;
P,, partial pressure of water vapor;
P total pressure and is equal to the sum of the dry air
pressure P, and P, ;
T temperature;
a, 77.6 N-units K mbar™!;
a, 3.73 X 10° N-units K* mbar™".

The first and second terms on the right-hand side of (1) (here-
inafter referred to as the hydrostatic and moist terms, respec-
tively) are due to the polarizability of the molecules and the
permanent dipole moment of the water vapor molecule, re-
spectively. To solve for P, T, and/or P,, given N, we use the
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additional constraints of hydrostatic equilibrium and ideal gas
laws given, respectively, as

dpP
an = 9ps (2
B _mgP  (m,—myP, 3
P=pit Pt > (3)
where
h  height;
g gravitation acceleration;
P, pas P, total, dry air, and water vapor densities,
respectively;
m,, m,, mean molecular mass of dry gas and water

vapor, respectively;
T temperature;
R universal gas constant.

Combining (2) and (3) and using (1) to substitute for P/T, we
obtain

dP gmy

at’ agmy P, glmy—m,) &
dh - alR

«aR T R 7o @

Given N, we have a system of two equations, (1) and (4), and
three unknowns (7, P, and P,,). Because saturation vapor
pressure decreases exponentially with decreasing temperature,
as dictated by the Clausius-Clapeyron equation, and water
vapor mixing ratios are parts per million in the middle atmo-
sphere, P,, can essentially be ignored above the tropospheric
height corresponding to 7 ~230 K; therefore given N, both T
and P can be solved for in the upper troposphere and the
stratosphere from (1) and (4) and a boundary condition (usu-
ally taken to be a temperature boundary condition at ~50 km).
However, when P,, is significant, such as in the middle and
lower troposphere, it is necessary to have an independent
knowledge of one of the three parameters (7, P, P,,) in order
to solve for the other two. Given the present knowledge of
atmospheric temperature and moisture and their respective
variabilities, the information in the refractivity observable pri-
marily constrains P, in the middle and lower troposphere.

Our approach here is to assume knowledge of 7'(h) and
pressure at some height for a boundary condition, then (1) and
(4) are solved iteratively as follows: (1) Assume P,,(h) = 0 for
a first guess; (2) integrate (4) to obtain P(4); (3) use P(h) and
T(h) in (1) to update P, (h); and (4) repeat steps 2 and 3 until
convergence.

Relative humidity U is computed as the ratio of P,, to the
saturation vapor pressure P under the same temperature and
pressure conditions. Throughout this paper, saturation is de-
fined over liquid water unless stated otherwise. The moisture
variable we discuss most frequently is specific humidity g,
which is the mass mixing ratio of water vapor in air. Given P
and P, g is given by

I

3. Estimated Accuracy

The relation between errors in N, T, P, and P, is a function
of latitude and height and is described in detail by Kursinski et
al. [1995]. Here we extend that discussion to characterize er-
rors in specific humidity. The sensitivity of water vapor partial
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Figure 1. Estimated error in specific humidity profiles de-

rived from GPS refractivity profiles as a function of latitude
and altitude for annual mean conditions in g/kg.

pressure to errors in pressure, temperature, and retrieved re-

fractivity can be assessed by differentiating and manipulating

(1) to yield
dp,
P,

_ (B 1dN B ZdT BdP 6
=B+1)y+B+2) = -B5, (6)

where B is equal to a,TP/a,P,, and a,Tm,/a,m_ q. Since B
varies inversely with g, it varies dramatically, particularly in the
tropics where it ranges from ~3 near the surface to ~10* near
the tropopause. Clearly, the fractional accuracy of water vapor
profiles, derived from measurements of microwave refractivity,
depends strongly on specific humidity. We can modify (6) to
express the accuracy of derived specific humidity

dg dN dT ap
?—(B+1)W+(B+2)T—(B+l)?. (7)

Defining C as a,Tm,J/a,m,, changes in g are related to
changes in N, T, and P as

dN dT dpP
dg=(C+q) +(C+29) - (Ct+q) 5. (8

Following the argument of Kursinski et al. [1995], we assume
the errors in N, 7, and the surface pressure P, are indepen-
dent such that we can write the approximate error in g as

[ox

o, = [(C + q)Z(%) +(C +2q)° (7)

27 1/2
+ (c+q)2(‘;f) ] . ©)

Kursinski et al. [1995, 1997] estimated the errors in refractivity
profiles derived from GPS occultation using the Abel trans-
form. Kursinski et al. found that below roughly 30 km altitude
the dominant refractivity errors were associated with non-
spherical structure not accounted for by the Abel transform.
The root-mean-square (rms) errors were ~0.2% above 7 km
altitude and grew approximately linearly to ~1% near the
surface because the increasing water vapor concentrations at
lower altitudes caused greater horizontal refractivity variations
via (1). Figure 1 shows the results of (9) for annual mean
conditions from Peixoto and Oort [1992] using the refractivity
error versus height estimated by Kursinski et al. [1995] and
assuming a temperature error of 1.5 K and surface pressure
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Figure 2. Comparison of histograms of the minimum alti-
tude of occultation profiles for two periods of the GPS-MET
mission. (left) Data from April 24 and 25 and May 4 and 5,
1995. (right) Data from June 21, 22, 23, and 27, 1995. Occul-
tations during the second period probed systematically deeper
into the atmosphere because of GPS-MET receiver software
uploaded during this period modified to significantly improve
signal tracking in the troposphere (see text for details).

error of 3 mbar. The error in g ranges from 0.2 to 0.5 g/kg. It
is dominated by the temperature error at higher altitudes,
whereas the refractivity error becomes the larger contributor
near the surface. The relatively small variation in the g error is
because C changes by relatively little varying from 32 g/kg at
230 K to 39 g/kg at 300 K, and g varies from ~0 to roughly
C/2. As a result, the factors multiplying the errors in N, T,
and P, vary by about a factor of 2 over the atmosphere.
Figure 1 and (9) represent the error in individual profiles of
specific humidity. Accuracies of averaged specific humidity will
be better and will probably be limited by the mean temperature
error [Kursinski et al., 1995]. Assuming a mean temperature
error of 0.5 K, the mean specific humidity error will be roughly

0.1 g/kg.

4. Data Processing Strategy

In this paper we derive refractivity profiles from raw GPS-
MET occultation observations and then derive specific and
relative humidity, primarily in the middle and lower tropo-
sphere, using independent temperature information from the
nearest 6 hour ECMWF analysis and NCEP reanalysis, inter-
polated to the location of each occultation. Our estimates of
water vapor and their zonal means are then compared to those
derived from the ECMWF analyses and NCEP reanalyses. We
concentrate on the period June 21 through July 4, 1995 (ex-
cluding June 24-26 because of instrumental problems) for the
following reasons:

1. The June-July 1995 (JJ95) period is one of four 2-3
week periods during the GPS-MET mission when the GPS
Antispoofing (AS) encryption was turned off to increase the
signal to noise ratio (SNR) of the L2 signal as received by the
prototype GPS-MET receiver. The L2 signal is used to cali-
brate and remove the effect of the ionosphere [Vorob’ev and
Krasil’nikova, 1994]. Beginning in 2000, a series of second
generation of occultation receivers developed at the Jet Pro-
pulsion Laboratory (JPL) will be placed in LEO and achieve
high L2 SNR with the AS encryption on.
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2. Modifications to the GPS-MET receiver software made
at JPL for the JJ95 period allowed signal tracking through
outages as long as 5 s and significantly extended the depth of
occultation profiles in the troposphere. As a result, nearly all
profiles extend to below 3 km altitude and a large fraction
extend to within 1 km of the surface. The impact of this soft-
ware modification is reflected in the distribution of the lowest
height of the occultations acquired in the April-May 1995
period versus the JJ95 period shown in Figure 2.

3. Climatologically, the JJ95 is a good period for assessing
GPS occultation water vapor retrievals because June-July-
August are characteristic of high specific humidity in the
Northern Hemisphere where more measurements and there-
fore better ground truth exist. Moreover, the zonally averaged
tropical Hadley circulation is best defined during this period of
the year because the Intertropical Convergence Zone (ITCZ)
is north of the equator at most longitudes [Waliser and Gautier,
1993].

The ECMWF and NCEP global analyses provide global
coverage and high accuracy (as demonstrated by the temper-
ature comparisons in the middle and upper troposphere and
stratosphere [Kursinski et al., 1996]), with updates every 6
hours. The ECMWF analyses provide high spatial resolution
reconstruction of the global atmosphere with 31 vertical levels
to 10 mbar and ~100 km horizontal grid spacing. The NCEP
reanalyses provide slightly lower resolution with 26 vertical
levels to 10 mbar and ~200 km horizontal grid spacing. These
resolutions are similar to that of the GPS observations [Kurs-
inski et al., 1997].

For each occultation, a profile of refractivity is derived.
Starting with a boundary condition of temperature at 50 km
altitude and ignoring P,, (in practice, we assume a climatologi-
cally representative mixing ratio of several ppm in the middle
atmosphere to minimize any systematic bias), P is obtained by
integrating (4) down to a tropospheric height where retrieved
T = 230 K. We refer to this height and the corresponding
pressure there by & ,_,5, and P,_,5,, respectively. Equation
(1) is then used to derive T. Below h;_,3,, we use the
ECMWEF or NCEP temperature combined with P,_,5, as a
boundary condition to derive P, (/) below & ,_,5,, using the
iterative process described in section 2.

A screening process is applied to the retrieved water vapor
on the basis of three basic criteria: (1) Profiles containing
jagged, unphysical vertical structure associated with receiver
tracking problems were rejected. (2) Water vapor abundance
had to be at least crudely reasonable climatologically. (3) Hu-
midities at low altitudes were required to be positive. Out of
~1000 occultations processed at JPL over the JJ95 period,
approximately 800 occultations passed the selection criteria.

Profiles with negative humidities at low altitudes were re-
jected, in general, because low-altitude humidities are typically
large such that negative values indicate large nonrandom er-
rors. Such large humidity errors were caused by receiver track-
ing problems resulting in refractivity profiles well outside the
realm of physical possibility. In the subtropical free tropo-
sphere, where specific humidities can be very small, we made
an exception and did allow profiles with small negative humid-
ities if the refractivity profile appeared reasonable. These cases
are discussed in more detail in section 7.8.

At high altitudes, where specific humidities are always small,
small random errors can cause small negative specific humid-
ities. For example, an rms temperature error of 1.5 K, which is
representative of analysis temperature errors, will cause a 0.2
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g/kg rms error in specific humidity. As a result, in a region
where the mean specific humidity is 0.1 g/kg, many profiles will
include specific humidities of ~—0.1 g/kg. In averaging these
specific humidity profiles, the random errors will average out
and the accuracy of the estimated mean will be limited by
biases in the analysis temperature and occultation refractivity.
Because eliminating profiles with negative values would sub-
stantially and erroneously raise the estimate of the mean, we
chose to include profiles with small, negative specific humidi-
ties at high altitudes to improve our estimate of mean humidity.

For this initial examination of water vapor we have chosen
the simple approach of using the ECMWEF analysis and NCEP
reanalysis temperatures without adjustment. While the analysis
temperatures could be modified to yield only positive and
subsaturated specific humidities near the 230 K level, these
modifications may alter atmospheric stability in undesirable
and dynamically inconsistent ways. Changing the temperature
profile in a self-consistent manner is beyond the scope of the
present effort and will be addressed in the future.

5. Individual Profile Examples

In this section we discuss three representative GPS-MET
water vapor profiles to illustrate the resolution of the occulta-
tion retrievals and the differences between the occultations,
ECMWEF analyses, and radiosondes.

Figure 3 shows a specific humidity profile derived from GPS/
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Figure 3. Comparison of five specific humidity profiles
northeast of Helsinki from June 22, 1995. The five profiles are
humidity derived from a GPS refractivity profile at 0349 UT
located at 63.15°N, 36°E (thick solid line), humidity from the
global ECMWF analysis at 0600 UT interpolated to the occul-
tation location (line with solid squares) and three nearby ra-
diosondes taken at 0000 UT (thin solid line, sonde at 64.6°N,
40.5°E; line with circles, sonde at 61.8°N, 34.3°E; line with
inverted triangles, sonde at 61.5°N, 38.9°E). Also shown on the
upper scale is the ECMWF temperature profile interpolated to
the occultation location used to convert refractivity to specific
humidity. Note that since the temperature profile is quite
smooth, the vertical variations in the GPS-derived water vapor
profile particularly that of the isohumid structure between 4
and 5 km altitude comes entirely from the GPS refractivity
information.
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Figure 4. Comparison of four specific humidity profiles from
June 23, 1995, in the southern Atlantic Ocean northeast of the
Falkland Islands. The occultation occurred at 0407 UT at
49.4°S, 302.9°E and is indicated with the solid line with cross
hatches. The interpolated ECMWF humidity analysis profile is
the solid line. The two sondes launched from the Falkland
Islands at 51.8°, 301.6°E are indicated by triangles (0000 UT)
and inverted triangles (0600 UT).

MET together with profiles from interpolated ECMWEF anal-
ysis and three nearby radiosondes a few hundred kilometers
northeast of Helsinki, Finland. With the exception of the
southwestern sonde profile below 6 km altitude, the profiles
generally agree. The southwestern sonde profile is distinctly
drier than the other profiles below 6 km altitude with a sharply
defined isohumid region extending from 4 to 5.5 km altitude.
Note that the isohumid region in the GPS-MET profile coin-
cides roughly in altitude with that of the southwestern radio-
sonde but is not present in the moisture profile of the ECMWF
analysis. The ECMWEF analysis temperature used to derive the
GPS-MET specific humidity profile (top curve in Figure 3)
exhibits no corresponding structure, indicating that the isohu-
mid structure in the GPS-MET profile comes entirely from the
retrieved refractivity structure. The sharpness of the resolved
isohumid region indicates vertical resolution of the occultation
data consistent with the 200—1000 m resolution expected of in
the troposphere [Kursinski et al., 1997]. In contrast, the vertical
structure of the ECMWF analysis moisture profile is quite
smooth above 1.5 km altitude. Overall, the GPS-MET profile
appears as a combination of the two smoother profiles to the
east and the drier, more variable profile to the southwest.
Figure 4 shows a GPS-MET humidity profile roughly 300 km
northeast of the radiosonde site on the Falkland Islands. The
occultation and ECMWEF analysis humidity profiles both ex-
hibit a relative maximum in specific humidity near 4.5 km
altitude. In contrast, the two radiosonde profiles separated by
6 hours exhibit a smooth, approximately exponential decay of
moisture with height. The explanation for the differences is
that the occultation and radiosondes are sampling distinctly
different air masses with the occultation falling within an oc-
cluded front lying to the northeast of the Falklands (A. Holl-
ingsworth, personal communication, 1997). The consistency
between the GPS-MET and ECMWF analysis profiles demon-
strates the ability of the analysis to determine an elevated
relative maximum in specific humidity in a remote area reflect-
ing the impact of the TIROS Operational Vertical Sounder
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Figure 5. Comparison of specific humidity profiles from June 27, 1995, near Sri Lanka. The two profiles
shown are derived from an occultation at 0531 UT located at 6.3°S, 88.8°E (solid line) and ECMWF humidity
analysis at 0600 UT interpolated to the occultation location (dotted line). Of note is the ability of the
occultation to retrieve moisture structure to the surface under very moist conditions.

(TOVS) data on the global analyses. A final point is that the
occultation profile extends to the surface.

Figure 5 shows a low-latitude profile southeast of Sri Lanka
together with the interpolated analysis profile demonstrating
the ability to derive moisture down to near the surface under
some of the wettest conditions on Earth. Vertical variations in
moisture when specific humidities are high can cause dramatic
variations in signal intensity and multiple images of the signal
to be present at the receiver causing tracking problems [Kurs-
inski et al., 1997]. In the present example the prototype GPS
receiver was able to track the occulted signal to the surface
because the moisture increases relatively smoothly at lower
altitudes as indicated by both the GPS-MET and the ECMWF
analysis humidity profiles. With GPS receiver improvements
under development at JPL, we anticipate that most occultation
profiles will extend to the surface.

6. Zonal Mean Specific and Relative Humidity
Structure

6.1. GPS-MET Coverage for June 21 to July 4, 1995, Period

The latitude-longitude distribution of the occultation data
acquired by GPS MET during the JJ95 period is given in
Figure 6 (top). Although 250 occultations per day are poten-
tially available from an orbiting GPS receiver with a single
antenna (facing forward or backward), the total number of
daily occultations available from GPS MET is roughly 100 per
day due to memory and telemetry downlink constraints. The
sampling, while somewhat sparse, probably offers the best
available combination of global coverage and vertical resolu-
tion. To estimate the zonal means, data were binned every
250 m in altitude and every 5° of latitude with a bin width of
250 m and 10° of latitude. The resulting sampling density of the
800 occultations in the height-latitude bins is shown in Figure 6b.

6.2. Sampling Adequacy and Zonal Approach

Before discussing the GPS zonal mean results, it is useful to
characterize the adequacy of the 800 occultations for capturing
zonal mean behavior for the JJ95 period. We can do so by
estimating the zonal mean behavior from a set of 800 “profiles”
derived from the 6 hour global ECMWF analyses interpolated
to the 800 occultation locations (which we refer to as IE) and
comparing this estimate with the zonal mean derived from the
complete set of ECMWF analyses for the JJ95 period (referred
to as CE) where the averaging is over four analyses per day and
10 days. We make the IE versus CE comparison in terms of
both temperature and specific humidity. In the remaining part
of this paper the following notation is used:

specific and relative humidity, respectively,
derived from GPS occultation refractivity
with temperature given by the ECMWF
analyses;

specific and relative humidity, respectively,
derived from GPS occultation refractivity
with temperature given by the NCEP
reanalyses;

averages of g and ggn and Ugg and

U g, respectively;

zonal mean of specific and relative
humidity, respectively, obtained from the
complete set of the ECMWF analyses
during JJ95;

zonal mean of specific and relative
humidity, respectively, obtained from the
interpolated set of the ECMWF analyses
during JJ95;

zonal mean of specific and relative
humidity, respectively, obtained from the

qce and Ugg

qon and Ugy

qgg and Ug

qcg and Ucg

¢e and Urg

g and Uy
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Figure 6. Spatial distribution of the 800 occultations in the JJ95 period. (top) The distribution of the
occultations versus latitude and longitude. (bottom) Contour plot of the latitude versus height distribution of
the occultations in terms of the number of occultations per latitude-height bin. Bins are 250 m high and 10°
of latitude wide. Averages calculated in each bin are the estimates of the zonal mean structure.

interpolated set of the NCEP reanalyses
during JJ95;

zonal mean of specific humidity based on
the June, July, and August (JJA)
climatology of Peixoto and Oort [1992];
ga average of g5, ¢g, and g -

dro

Overbars refer to the zonal means of these quantities.
Figures 7 (top) and 7 (bottom) show the zonal mean tem-
perature estimates derived from the CE and IE data sets. The
similarity between the figures indicates that the IE data set is
representative of the climatological conditions of the JJ95 pe-
riod. In the region between 20°S and 30°N the warmest tem-
peratures and smallest meridional gradients are found. Tem-
perature values are distinctly lower and meridional
temperature gradients larger in the Southern Hemisphere than
in the Northern Hemisphere indicative of the seasonal contrast

between the hemispheres and the baroclinicity driving the
large winter storms. The largest discrepancy between the IE
and the CE results occurs over Antarctica where the IE tem-
peratures are some 2-5 K warmer than those of CE, indicating
the JJ95 occultation sample set is not entirely representative of
conditions there.

Figures 8 (top) and 8 (bottom) show the zonal mean specific
humidity estimates from the CE and IE data, respectively, for
the JJ95 period. The comparison reveals some discrepancies
such as the weak relative maximum in g south of 70°S over
Antarctica which is not present in Gcg, a relative maximum
near 30°N in the free troposphere which is more meridionally
distinct in g than in g, and the sharp meridional gradient
in g,z near 45°N above 4 km altitude is smoother in g .
Results within 1 km of the surface in the Northern Hemisphere
are also somewhat noisy due to the limited number of occul-
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Figure 7. Zonal mean temperatures for the JJ95 period. (top) The zonal mean temperature derived from
the complete set of ECMWEF analyses (CE). (bottom) Zonal mean of 800 profiles derived from the 6 hour
global ECMWF analyses (IE) to coincide with the occultation locations.

tation profiles reaching this altitude interval (Figure 6 (bot-
tom)). While some discrepancies do exist because of the lim-
ited sampling of the occultations, the IE and CE estimates are
generally consistent, indicating that the occultation sampling
adequately captures the mean zonal behavior for the period in
general.

6.3. Random Errors in GPS Moisture Estimates

Random errors in the specific humidity profiles derived from
GPS refractivity profiles have been discussed in section 3.
Upon averaging multiple profiles to estimate zonal mean mois-
ture, the random error contribution to the mean will decrease
by the square root of the number of averaged profiles. The
resulting random error contribution to the zonal mean specific
humidity, based on the occultation sampling density in Figure

6 (bottom), is shown in Figure 9. In general, the random error
contribution is small in comparison to the zonal mean specific
humidity estimates in Figure 8.

6.4. Impact of Temperature Biases on GPS Moisture
Estimates

Because we rely on the analysis temperatures to isolate the
water vapor contribution to the retrieved refractivity profiles,
any systematic analysis temperature errors also contribute to
errors in the GPS humidity estimates. The magnitude of this
error is reflected in the differences between g and Ggn
(Figure 10 (top)), which are due only to differences between
the analyzed ECMWF and NCEP temperatures. Specific hu-
midity differences are generally 0.1 g/kg or less. Agreement is
best in the Northern Hemisphere. In fractional terms (Figure
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Figure 8. Two estimates of zonal mean specific humidity. (top) gcg for JJ95. (bottom) gz for JJ95.
Contours are at 0, 0.1, 0.2, 0.3, 0.5, 1, 2, 4, 6, 8, 10, 12, 14, and 16 g/kg.

10 (bottom)), agreement is best in the Northern Hemisphere
and lower regions of the low latitudes with fractional humidity
differences smaller than 10%. In the upper troposphere near
20°S, humidity estimated using ECMWF temperatures is lower
by more than 20% in specific humidity because ECMWF tem-
peratures are lower than NCEP temperatures by ~0.5 K. Dis-
crepancies increase toward southern high latitudes and high
altitudes, which reflects both the low specific humidities there
and the generally less accurate analyzed temperatures there
during the JJ95 period. The largest differences occur near 3 km
altitude at 80°S where g5 becomes negative because NCEP
analysis temperatures are too cold by ~2 K. We also note that
since only g g exhibits a sharp zonal oscillation between 50°S
and 75°S, whereas the other three zonal moisture estimates,
e G1ne and G, do not, it is likely that the subset of EC-
MWF temperatures interpolated to the times and locations of

the occultation profiles in the 50°S-75°S zone have erroneous
meridional temperature variations of the order of 1 K.

Given the differences between g s and g g, and the uncer-
tainties in determining which set of temperature analyses is
better (given that each appears to have its own set of limita-
tions), we have chosen to take the average of g and ggy as
the GPS moisture estimate for the remainder of this paper. By
taking the average we hope to reduce the magnitude of any
extreme errors by a factor of 2. We will refer to this average
GPS specific humidity estimate as g (Figure 11) and the
corresponding relative humidity estimate as U (Figure 12).
We also form the average of G, g, and g (referred to as g o
(Figure 13)) against which all fractional specific humidity dif-
ferences are normalized.

Figures 9 and 10 are consistent with the expectation derived
in section 3 that zonal mean moisture can be derived from GPS
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Figure 9. Estimated zonal mean specific humidity error due to random errors in moisture profiles derived
from GPS refractivity profiles and analysis temperatures.

occultations to ~0.1 g/kg accuracy. Therefore differences be-
tween GPS estimates of zonal mean humidity and ECMWF
and NCEP moisture analyses whose magnitudes are signifi-
cantly larger than the values in Figures 9 and 10 can be attrib-
uted to systematic moisture differences or biases between the
GPS retrievals and the moisture analyses. These differences
are discussed further below.

6.5. Zonal Mean Humidity Derived From GPS/MET
Results

The GPS zonal mean specific humidity g in Figure 11
exhibits several basic climatological features. (1) Specific hu-
midity decreases dramatically with altitude. (2) Values of g in
the Northern (summer) Hemisphere are larger than their
Southern (winter) Hemisphere counterparts by factors of 2—-4.
The larger meridional gradient in the Southern Hemisphere is
qualitatively consistent with the larger meridional temperature
gradients in the winter hemisphere. (3) The mean specific
humidity has a well-defined peak centered near 5°N to 10°N,
the approximate location of the Intertropical Convergence
Zone (ITCZ). (4) Maximum ¢ values of 14 g/kg are found
near the ITCZ between 0.5 and 1 km altitude; still higher mean
values would be visible presumably if the profiles extended to
the surface in this zone. (5) A large meridional gradient in g
exists near 15°S, which is associated with the transition be-
tween the upwelling regions and the southern subsiding branch
of the tropical Hadley circulation. (6) A peak in g exists near
30°N between 8 and 11 km altitude, which is associated with
the injection of moisture into the middle and upper tropo-
sphere by the Asian/Indian summer monsoons. (7) There is
also a smaller peak near 30°S above 2 km altitude which ap-
pears to be associated with the transition between the subtrop-
ical zone of subsidence and the winter baroclinic region.

Figure 12 shows the zonal mean relative humidity, U, es-
timated from the GPS data. It is important to note that the
GPS observations are closely related to specific humidity be-
cause refractivity essentially represents a molecule counter.
Occultation observations are not directly sensitive to relative
humidity in contrast to radiance observations, which are more

directly related to relative humidity [Soden and Bretherton,
1996]. One can, of course, derive individual profiles of relative
humidity (Ug) as the ratio of GPS-derived water vapor pres-
sure to saturation pressure at the interpolated analysis tem-
perature, and U would be estimated by averaging these pro-
files. However, the sensitivity of this ratio to temperature
errors when specific humidities are small causes the relative
humidities to be noisy and biased low (see Appendix). As a
result, near 60°S above 5 km altitude, the zonal mean relative
humidity estimate is negative, while the mean specific humidity
estimate is positive. This odd situation is because we have
consciously allowed profiles with small negative humidities at
upper altitudes in order to derive an accurate estimate of the
mean specific humidity (section 4) and because the ECMWF
temperature errors are unusually large in this region with an
rms error ~2.6 K (see Appendix). The conclusion that tem-
perature errors in this region are large is consistent with the
results of Kursinski and Hajj [2000] who characterized the merid-
ional dependence of the ECMWF temperature errors further.

To reduce the dry bias in the GPS relative humidity results
caused by temperature errors, we have chosen to represent Ug
as the ratio of mean partial pressure of water vapor to the
saturated partial pressure of water vapor at the zonal mean
temperature of the ECMWF and NCEP analyses. The zonal
mean relative humidity estimate derived this manner (= U),
shown in Figure 12, reflects several basic climatological fea-
tures. (1) The relative maximum in U between 0° and 10°N
coincides approximately with the ITCZ, the zone of upwelling
in the tropical Hadley circulation. (2) A relative minimum
exists to either side of the ITCZ which coincides with the zones
of subtropical subsidence. (3) The asymmetry of the tropical
Hadley circulation is evident with minimum U, values of 10—
20% between 10°S and 30°S (corresponding to a global mini-
mum of Ug) versus minimum Uy values of ~30% in the
northern subsidence zone. The asymmetry of the zonal mean
relative humidity about the ITCZ reflects the asymmetry of the
tropical Hadley circulation during northern summer. In the
northern summer the rising branch of the tropical Hadley
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Figure 10. Zonal mean differences between the GPS specific humidity profiles derived using temperatures
from the ECMWF analyses and the NCEP reanalyses (Ggg — gng) for JJ95. (top) Specific humidity
differences in g/kg. Contours are at 0, +0.1, +0.2, +0.4, +1, and +2 g/kg. (bottom) Fractional specific
humidity differences. Contours are at 0, +0.1, +0.2, +0.4, +1.
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Figure 11. Zonal mean specific humidity derived from the GPS refractivity estimates for JJ95 as represented

by the average of §gr and ggy in g/kg.

circulation is generally in the summer hemisphere, the stronger
subsiding branch is in the winter hemisphere, and the weaker
subsiding branch is in the summer hemisphere [Peixoto and
Oort, 1992]. (4) High relative humidities near the surface and
the general decrease at higher altitudes reflect the surface
source of tropospheric moisture.

7. Comparisons With Global Moisture Analyses

In this section we compare the zonal mean specific humid-
ities for the JJ95 period derived from GPS occultation refrac-
tivity profiles (g ) with those derived from the ECMWEF anal-
yses and NCEP reanalyses interpolated to the occultation
times and locations (g and gy, respectively). We also com-
pare these results with the classical moisture climatology for
June, July, and August (JJA) of Peixoto and Oort [1992] (here-
inafter PO). Our goal is to identify and quantify systematic
biases between the GPS retrievals and the other three analyses
and, to the extent possible, identify their sources.

7.1.

The GPS moisture estimate characteristics and errors have
been discussed in sections 3 and 6. The ECMWF analyses
represent the global atmosphere derived from a combination
of a model and satellite and radiosonde data. During the JJ95
period the data included TOVS satellite data which provide
daily global coverage and radiosonde profiles where and when
available. The TOVS radiances were assimilated into the EC-
MWEF analyses in a one-dimensional (1-D) Var scheme after
December 1994. The TOVS moisture data consist primarily of

Analysis Characteristics

radiance measurements from three IR channels at 6.7, 7.3, and
8.3 n which are sensitive to the humidity integrated over layers
centered in the upper (200-500 mbar), middle (300-700
mbar), and lower troposphere (600 mbar to surface) [Soden
and Bretherton, 1996]. These broad vertical layers provide some
vertical information about moisture distribution in remote re-
gions, as noted in Figure 4. Interpretation of the TOVS radi-
ances in terms of moisture is nonunique, and the vertical con-
tribution function depends on the amount of moisture present.
Assimilation of TOVS data also makes the analyses subject to
problems associated with IR observations under cloudy condi-
tions [Eyre et al., 1993; McNally and Vesperini, 1996]. Other
sources of error include the model’s physical representation of
the hydrological cycle and its inherent resolution.

The NCEP reanalyses are broadly similar to the ECMWF
analyses providing the global state of the atmosphere on the
basis of a combination of a model and satellite and radiosonde
data. Regarding moisture accuracy, Kalnay et al. [1996] indi-
cate that the NCEP moisture analyses are a “class B” variable
complete with the caveat that “although there are observational
data that directly affect the value of the variable, the model
also has a very strong influence on the analysis value.” There-
fore the NCEP moisture reanalyses will reflect model biases.

The PO climatology is based primarily on a network of 1093
radiosonde stations for the period from May 1963 to April
1973 which have been supplemented by daily surface ship re-
ports. The climatology is limited by the extremely sparse and
uneven coverage by radiosondes at low and southerly latitudes.
Because the PO data were not acquired during JJ95, the
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Figure 12. Zonal mean relative humidity derived from the GPS refractivity estimates for JJ95 as represented
by the average of Ugg and Ugy. Contours are separated by 0.1 (= 10% relative humidity). Saturation is

defined over liquid water.

GPS-PO differences may have significant contributions from
interannual variability or long-term trends.

To gain some insight into present uncertainties in the global
moisture distribution, the specific and relative humidity differ-
ences between the interpolated ECMWF analyses and the
NCEDP reanalyses are shown in Figure 14. ECMWF moisture
estimates tend to be higher than those of NCEP in regions
where the zonal mean specific humidity is greater than 2 g/kg.
The low altitude tropical difference is quite large reaching
more than 2 g/kg and 10-20% in terms of relative humidity. In
regions of low specific humidity the ECMWF specific and
relative humidity estimates are generally lower than those of
NCEP. The zonal mean differences are greater than 20% rel-
ative humidity through large regions of the Southern Hemi-
sphere and upper troposphere. These differences reflect sig-
nificant uncertainties in the present global atmospheric water
distribution, as well as how it is controlled and will vary in a
changing climate. As such, these differences motivate much of
the present work.

7.2. Humidity Comparison Overview

We begin our comparison of the GPS occultations and the
other global analyses in terms of refractivity. Figure 15 shows
the JJ95 zonal mean GPS minus ECMWEF refractivity struc-
ture. Figure 16 shows the vertical structure of the globally
averaged refractivity differences in Figure 15 as well as the
analogous quantity for NCEP. The agreement in Figure 16 is
quite close with a maximum GPS-ECMWF discrepancy of
~0.8% near 3 km altitude. The NCEP differences exhibit a
relative maximum of ~1% near 3 km altitude as well as a

larger maximum of ~1.5% near the surface, where few GPS-
MET profiles reach (Figure 6a). Because the GPS profiles
penetrate to lower altitudes at high latitudes (Figure 6b), the
near-surface GPS-NCEP refractivity bias in Figure 16 primar-
ily reflects high-latitude behavior, particularly the relatively
large negative differences at high southern latitudes. Since
refractivity differences translate to specific humidity differ-
ences, the generally lower GPS refractivities in Figure 16 imply
generally lower GPS specific humidities.

Figures 17, 18, and 19 show the zonal mean specific humidity
differences between the GPS-MET results and the interpo-
lated JJ95 ECMWEF analyses, interpolated JJ95 NCEP reanal-
yses, and the PO JJA climatology, respectively. In general, the
large spatial scales of the zonal mean structures indicate the
differences are systematic, not random.

In general, GPS results tend to be somewhat drier than the
other three analyses. The GPS specific humidities are drier
than the ECMWF moisture analyses below 6 km altitude
(~500 mbar), which is also reflected in the GPS-ECMWF
precipitable water (PW) results in Figure 20. The GPS results
are drier than the NCEP reanalyses through most of the tro-
posphere with a notable exception between 10°S and 30°N in
the lower troposphere. The GPS-NCEP PW differences are
similar with negative values at almost all latitudes except the
band between 5°S and 25°N (Figure 20). GPS results are gen-
erally drier than the PO results in the Southern Hemisphere
and the northern subtropical free troposphere. Elsewhere
however, the GPS results are generally moister than the PO
JJA climatology.
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Figure 13. Average of zonal mean specific humidities: g, ¢, and g, in g/kg.

7.3. Middle to High Southern Latitude Differences

The GPS zonal mean specific humidity estimates tend to be
drier than the other three analyses through much of the South-
ern Hemisphere. GPS estimates are drier than the NCEP anal-
yses by 0.4 g/kg or more over much of the high-latitude South-
ern Hemisphere below 4 km altitude and 30-50% drier than
the NCEP and PO results through much of the free tropo-
sphere south of 30°S. Agreement between the GPS and the
ECMWEF zonal mean specific humidity estimates in this region
is generally closer with differences more typically of the order
of 0.1 g/kg.

While it is difficult to directly determine and assign errors in
the Southern Hemisphere without an absolute global moisture
standard, we can make some relevant comments. During JJ95
the Southern Hemisphere, as the winter hemisphere, con-
tained far less water vapor than the Northern Hemisphere
(e.g., Figure 13). As a result, since the GPS zonal mean mois-
ture errors are expected to be of the order of ~0.1 g/kg (sec-
tions 3 and 6), the fractional errors in Southern Hemisphere
GPS zonal mean moisture estimates will be larger than those in
the Northern Hemisphere. GPS specific humidity errors due to
temperature errors are presumably larger in the Southern
Hemisphere based on Figure 10 and the relatively high temper-
ature errors at high southern latitudes implied by negative zonal
mean relative humidities there, as discussed in the Appendix.

The nonspherical refractivity structure associated with the
relatively large horizontal temperature gradients in the winter
hemisphere will lead to refractivity errors. However, the low
wintertime specific humidities will contribute relatively little to
the nonspherical refractivity structure. As a result, the hori-
zontal refractivity variations will be dominated by temperature

variations and, because of hydrostatic and geostrophic balance,
will therefore be large scale in general. Consequently, we do
not expect the nonspherical errors at middle and high southern
latitudes to be especially large, at least away from weather
fronts. Even the horizontal refractivity variations across win-
tertime fronts are surprisingly small. This is because refractiv-
ity on the cold side of a winter front has a higher dry density or
hydrostatic contribution but a lower moist contribution (see
(1)), whereas on the front’s warm side the smaller dry contri-
bution is compensated for by a larger moist contribution [Kurs-
inski et al., 1993]. Therefore we expect that the estimated
refractivity errors due to horizontal refractivity gradients dis-
cussed briefly in section 3 are generally representative at mid-
dle and high southern winter latitudes.

One advantage of the small wintertime specific humidities is
the lack of moisture allowed GPS occultation profiles to sys-
tematically extend to lower altitudes such that most profiles
south of 40°S penetrated to within 0.5 km of the surface (Fig-
ure 6b). As a result, the GPS profiles have sampled most of the
vertical extent of the southern troposphere and provided rel-
atively high vertical resolution within and below the clouds that
cover large portions of that hemisphere. In contrast, with ex-
tremely sparse and uneven radiosonde sampling over the
largely remote Southern Hemisphere, the NCEP and ECMWF
analyses must rely heavily on passive satellite radiances. The
satellite radiance measurements provide limited vertical reso-
lution amounting to 1-3 vertical moisture levels across the
troposphere. The interpretation of the IR radiances, such as
those from TOVS, is also confounded by frequent wintertime
clouds. Error covariances and model physics must provide the
additional constraints required to derive moisture and temper-
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Figure 14. Differences between the ECMWF and the NCEP moisture analyses interpolated to the occul-
tation locations. (top) Zonal mean specific humidity estimates (7,z — gyn) for 1J95. Contours are at 0, +0.1,
+0.4, +1, and +2 g/kg. (bottom) Zonal mean relative humidity estimates (U — Uyy) for JJ95. Contours are
at 0, +5, +10, +20, and +40%.
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Figure 15. Differences between the zonal mean occultation refractivity estimates and the ECMWF analysis

refractivity estimates (Ng —

ature solutions at each analysis grid point. The classic PO
climatology relies almost entirely on the extremely limited ra-
diosonde sampling in the Southern Hemisphere combined with
additional physical constraints to fill in the huge unsampled
regions. Therefore, of the four moisture analyses, the GPS
results may represent the most direct measurement of the true
atmospheric behavior in the Southern Hemisphere, albeit with
the limited sensitivity of GPS to the small water vapor concen-
trations found there.

On the basis of these arguments we suspect that the GPS
zonal mean specific humidities in the Southern Hemisphere
are probably accurate to 0.1 to 0.2 g/kg. Most of the GPS-
ECMWEF differences in the southern middle and high latitudes
fall within this range and therefore appear to be consistent
within the estimated GPS accuracy limits. Much of the GPS-
NCEP specific humidity differences are larger, and the JJ95
NCEP results in the Southern Hemisphere may be somewhat
moist-biased. This line of reasoning also implies that the moist
GPS feature near 70°S and 5 km altitude above Antarctica is
too small in magnitude to be significant and reliable.

7.4. Middle to High Northern Latitude Differences

The GPS humidity profiles capture the high specific humid-
ities in the northern summer hemisphere evident in the other
three analyses. Because of the higher specific humidities, GPS
observational utility for moisture extends over a wider altitude
range in the summer hemisphere. Approximately half of the
GPS/MET profiles penetrate to within 1 km of the surface
north of 40°N (Figure 6 (top)), yielding a good vertical cover-
age at these latitudes. In the lower and middle troposphere in
the Northern Hemisphere, GPS results tend to be drier than

N;g) for JJ95. Contours are 0, +1, +3, +8 N-units.

the ECMWEF and the NCEP reanalyses. North of 30°N, differ-
ences between the GPS results and the NCEP reanalyses are
somewhat smaller than those between the GPS and the EC-
MWEF analyses and range from +0.1 to —0.4 g/kg.

10 -

Altitude(km)

ol
-2 -1.5 -1 -0.5 0 0.5
Refractivity Difference (%)

Figure 16. Vertical structure of the global mean, fractional
refractivity estimate differences. Solid line, N — N g. Dashed
line, Ng — N
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Figure 17. Differences between the zonal mean specific humidity estimates (g — g ) for JJ95. Contours

are at 0, +0.1, +0.4, +1, and +2 g/kg.

The Northern Hemisphere GPS minus PO zonal mean spe-
cific humidity structure is more complex, exhibiting significant
magnitude and sign variations in both altitude and latitude.
Opverall, the PO results tend to be drier than the other three
data sets north of 35°N. The PO dryness may reflect interan-
nual variability or trends such as increases in precipitable water
(PW) over North America from 1973 to 1993 described by Ross
and Elliott [1996] and Elliott and Angell [1997]. There may also
be a bias resulting from the land-biased sampling of radio-
sondes used to derive the PO climatology.

7.5. High-Altitude Bias in the Northern Hemisphere

In the upper portion of the Northern Hemisphere north of
20°N, the GPS-ECMWF and GPS-PO zonal mean moisture
differences are positive with similar magnitudes and spatial
extents. The GPS-NCEP differences shows signs of a weaker
signature of the same structure. Examination of the positive
GPS-ECMWEF bias in this region reveals that the bias is asso-
ciated with a subtle difference between GPS and the ECMWF
analysis pressures rather than refractivities which agree quite
closely in this region (Figure 15). The cause of the pressure
bias is uncertain, but it appears that the GPS moisture is
overestimated because the mean relative humidity with respect
to ice is near saturation such that the vapor would be super-
saturated a large percentage of the time, which seems unlikely.

Because occultation-derived hydrostatic pressure is derived
in a top-down manner, an underestimate of the occultation-
derived hydrostatic pressures in the upper troposphere re-
quires that occultation refractivities (and densities) must be

underestimated in the lower stratosphere. The magnitude of
pressure error required to produce a moisture bias of 0.1 g/kg
is ~0.3% corresponding to a geopotential height error of ~20
m. The contribution of biases associated with initializing the
Abel and hydrostatic integrals near 50 km altitude is too small
to produce pressure errors of this order [Kursinski et al., 1997].
Kursinski et al. [1997] estimated that the biases in mean geo-
potential height of the upper troposphere would be ~1 m due
primarily to horizontal structure, much less than the 20 m
required error implying erroneous occultation retrievals are
unlikely to be the dominant error bias.

Analysis pressures biased high in the upper troposphere
could be the error source. Such errors would be caused by a
combination of high surface pressure and high tropospheric
temperatures. A scenario where ECMWF surface pressures
are high on average by 0.3% (~3 mbar) is unlikely, particularly
in the Northern Hemisphere. ECMWEF analysis temperatures,
which are warm throughout the troposphere by ~0.6 K, would
cause the geopotential height of pressure levels in the upper
troposphere to be too high by an amount consistent with the
observed pressure bias. The error in refractivity associated with
such a temperature bias would be zero approximately one scale
height above the surface where the pressure and temperature
error contributions to refractivity cancel, which is crudely con-
sistent with the observed differences. Therefore the upper tro-
posphere pressure discrepancies may be due to a positive tro-
pospheric temperature bias in the analyses. If true, the location
of such a bias in the Northern Hemisphere would further
suggest that the temperature bias is tied to the radiosondes.
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Figure 18. Differences between the zonal mean specific humidity estimates (g5 — g) for JJ95. Contours

are at 0, +0.1, +0.4, +1, and +2 g/kg.

7.6. Upper Troposphere Moisture Associated With
Summer Monsoons

The JJ95 GPS, ECMWEF, and NCEP zonal mean specific
humidity estimates exhibit relative maxima near 30°N above an
~6 km altitude. The similar features of the maxima combined
with a sharp decrease in specific humidity north of 40°N indi-
cate the features are real, the result of moisture injected into
the middle and upper troposphere by the summer monsoons in
this latitude band. Indeed, the latitude-longitude distribution
of the ECMWF-analyzed moisture field indicates that the
highest specific humidities at 300 mbar (~9 km altitude) are
associated with the Indian-Asian monsoon, not the ITCZ. The
greater magnitude of the GPS and NCEP moisture estimates
suggest more moisture is injected into the upper troposphere
by the monsoons than the ECMWF and PO estimates. How-
ever, since the ~0.1 g/kg GPS-ECMWEF difference is near the
limit of expected GPS accuracy, it is difficult to draw conclu-
sions about the relative accuracy of the different estimates.

7.7. Moisture Differences Near ITCZ

The low-latitude moisture differences vary significantly be-
tween Figures 17, 18, and 19. The difference structure in all
three of the figures appears correlated with the tropical Hadley
circulation. The GPS-PO zonal mean moisture differences be-
tween 30°N and 30°S exhibit the strongest correlation with
moister GPS results centered roughly on 5°N coinciding with
the ITCZ and drier regions to either side coinciding with the
areas of large-scale subsidence. The low-latitude GPS specific
humidity results agree most closely with those of ECMWEF,
particularly near the ITCZ where the differences are generally

0.1 g/kg or less in magnitude. In contrast, the GPS specific
humidities are significantly wetter than both the NCEP and the
PO results in the vicinity of the ITCZ below 7 km altitude and
in the planetary boundary layer (PBL) from 10°S to 30°N. The
contrast between the GPS-ECMWF and the GPS-NCEP dif-
ferences are not surprising, given the significant low-latitude
differences in Figure 14. The higher GPS and ECMWF zonal
mean specific humidity estimates near the ITCZ are associated
with a more sharply defined meridional maximum in the zonal
mean moisture near the ITCZ. The meridionally smoother PO
climatology may result from limited data near the ITCZ or
simply variations over its 10 year averaging period. The me-
ridional smoothness of NCEP reanalyses presumably reflects
the heavy reliance of the NCEP moisture analyses on the
NCEP model physics.

While only a limited number of GPS/MET profiles probe the
low-latitude near-surface environment, Figures 17, 18, and 19
clearly indicate that large discrepancies exist between the EC-
MWEF and the NCEP and PO results in this region. The max-
imum GPS minus NCEP and GPS minus PO differences reach
more than 2 g/kg near 1 km altitude in the PBL region north of
the ITCZ, representing fractional and relative humidity differ-
ences 10-20% lower than the GPS and ECMWF estimates.
The striking similarity between the low-latitude structures of
GPS-PO and GPS-NCEP differences in the lower troposphere
(Figures 18 and 19) and their dissimilarity to the GPS-
ECMWEF structure (Figure 17) suggest that the PO and NCEP
moisture analyses are both biased dry in this region. Somewhat
surprisingly, the largest GPS-NCEP zonal mean differences in
the PBL region are actually larger than the largest GPS-PO
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Figure 19. Differences between the zonal mean specific humidity estimates g 5 for JJ95 and the Peixoto and
Oort estimate of specific humidity (g — gpo) for June-July-August (JJA). Contours are at 0, +0.1, +0.4, +1,

and +2 g/kg.

differences, implying that recent humidity analyses can contain
biases as large or larger than those generated from more lim-
ited data 30 years ago. The similar dry biases suggest that a
common underlying model or physical parameterization prob-
lem may be responsible, causing both the NCEP and the PO

PWG diff (kg/m"2)
o

-80 -60 -40 -20 0 20 40 60 80
Latitude (deg)

Figure 20. Differences in zonal precipitable water (PW) be-
tween the GPS humidity estimates and the ECMWF and
NCEP humidity analyses for JJ95. Solid line, the vertical inte-
gral of the g5 — g, differences in Figure 17. Dashed line, the
vertical integral of g5 — Gy differences in Figure 18. Units
are kg/m? or equivalently mm of precipitable water.

analyses to inadequately resolve the meridional sharpness of
the ITCZ and moisture concentrations in the nearby PBL. The
significantly underestimated humidity near the ITCZ in the
NCEP and PO results also suggests that the strength of the
tropical Hadley circulation may be underestimated in these
analyses as well.

Above 6-8 km altitude and within 25° of the equator, the
zonal mean GPS specific humidities are somewhat moister
than the ECMWEF results but somewhat drier than the NCEP
results by similar amounts. The GPS results are wetter than the
PO JJA climatology north of ~5°S but slightly drier to the
south. The higher NCEP moisture estimates may be due to
higher NCEP temperatures in this region. In general, these
results are indicative of the uncertainty in upper tropospheric
moisture amounts. GPS results in this region are consistent
with both the NCEP and the ECMWEF estimates to within the
expected GPS errors and therefore provide little new informa-
tion here.

7.8. Subtropical Differences

To the south and the north of the ITCZ in the free tropo-
sphere, zonal mean GPS-specific humidities are significantly
drier than the other three moisture analyses. These areas co-
incide approximately with regions of low relative humidity in
Figure 12 associated with the descending branches of the trop-
ical Hadley circulation. The magnitudes and meridional struc-
ture of the zonal mean differences between the various anal-
yses varies. The largest differences in the southern subtropics
are between GPS and PO with the GPS zonal mean specific
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Figure 21. Fractional differences between the zonal mean specific humidity estimates g for JJ95 and the
Peixoto and Oort estimate of specific humidity (g5 — gpo) for June-July-August (JJA). Contours are at 0,

—0.1, —=0.3, —0.5, =1.0.

humidities being drier than the PO results by more than 50%
between 2 and 8 km altitude near 20°S (Figure 21). As dis-
cussed in section 7.10, a significant portion of the large
GPS-PO differences are due to the positive bias in reported
radiosonde humidities at low relative humidities.

In each of the three comparisons the location of the maxi-
mum GPS specific humidity dryness of ~1 g/kg relative to the
other three analyses lies near 15°S-20°S and 2 km altitude. This
location coincides approximately with the top of the convective
PBL in the region of maximum subsidence. GPS refractivity
and specific humidity profiles should, in general, be quite ac-
curate in this region at least above the PBL because the sub-
tropical free troposphere air is generally dry with relatively
small horizontal temperature or moisture variations. Further-
more, the analyzed temperatures should also be particularly
accurate because of generally small temperature variations here.

To understand why GPS results are systematically drier in
this region, we examined individual profiles of GPS and EC-
MWF specific humidity near 20°S (Figure 22). These profiles
reveal that the transition between the PBL and the free tro-
posphere air is generally smoother and extends higher in the
ECMWEF analyses than in the GPS-MET profiles. In interpret-
ing the cause of these differences, it is important to note that
the sharp increase in temperature and decrease in moisture
across the inversion capping the PBL both contribute to a large
negative vertical refractivity gradient at the inversion height.
This sharp gradient of refractivity intensifies atmospheric ef-
fects (such as bending) on an occulted signal, making it possi-
ble to accurately locate the inversion height despite the inabil-

ity to directly separate the temperature and moisture
contributions to the gradient. The large signal bending at the
inversion height can even cause the loss of the signal (such as
the case for many of the profiles in Figure 22), in which case
the inversion height is well determined as the lowest height of
the occultation.

These considerations suggest that the source of the dryness
of the GPS results relative to the ECMWEF results is systematic
smoothing in the ECMWF analyses of the sharp vertical struc-
ture at the trade wind inversion. This conclusion is not surpris-
ing, given that much of the southern subtropics are remote
oceanic regions devoid of radiosondes and that the TOVS
resolution is inadequate to resolve the inversion structure.
Furthermore, the 1-D-Var assimilation of TOVS data places
little constraint on the 1.5-3.5 km altitude interval where the
smoothing is observed [McNally and Vesperini, 1996, Figure 1],
suggesting that the ECMWF analyses in this altitude regime
rely heavily on the model physics. A reliance such as this can
create a bias perhaps through a diffusive representation of the
boundary layer entrainment process (D. Randall, personal
communication, 1999).

The magnitude of the observed moisture bias near the trade
wind inversion is probably larger than the bias of the ECMWF
humidity analyses alone because the observed moisture bias
includes errors in both g5 and g;z. The ECMWF moisture is
probably overestimated just above the true inversion height
because the PBL (and therefore PBL moisture abundance) in
the analyses extends into what is in reality the free tropo-
sphere. The GPS zonal mean specific humidities are probably
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underestimated just above the true inversion height because
the cooler PBL temperatures in the ECMWF analyses extend
to heights that are in reality within the free troposphere. This
cold bias effect is evident in several profiles of Figure 22, where
the g g reaches a minimum just above the trade wind inversion.
A temperature bias of 4-5 K, representative of roughly half the
temperature change across the inversion top, would cause g
to be low by ~0.5 g/kg. Because the height of the inversion
varies, the magnitude of the cold bias in the zonal mean esti-
mate will be somewhat smaller. Therefore the 1-2 g/kg dry
moisture bias near 20°S and 2 km altitude in Figure 17 prob-
ably overestimates the bias between the ECMWF humidity
analyses and the truth by somewhat less than 0.5 g/kg. In the
future a better estimate of the true moisture and moisture bias
can be derived when analysis temperatures are adjusted in a
1-D-Var scheme or something analogous which combines the
moisture and temperature analyses with the occultation refrac-
tivities. To function properly, such a scheme will have to ac-
count for the fact that the analysis errors are larger near the
trade wind inversion.

The correspondence of the regions of negative bias to the
descending branches of the tropical Hadley hints at a possible
relation to the Hadley circulation. The largest moisture bias
found near the top of the PBL may be the result of the analyses
underestimating the strength of the tropical Hadley circula-
tion, in general, such that the analyzed subsidence is not push-
ing downward against the PBL top as much as it is in reality.

7.9. Precipitable Water Differences

Figure 20 shows the GPS-ECMWF and GPS-NCEP zonal
mean precipitable water content (PW) differences, which is the
vertical integral of the specific humidity differences in Figures
17 and 18. The sign and magnitude of the g5 minus gz PW
bias is similar to a bias found between columnar water from the
ECMWF 1-D-Var reanalyses and those derived from collo-
cated radiosondes over the period 1979-1993 [Uppala, 1997].
The moist bias in the ECMWEF reanalyses was found to be as
large as 2.4 mm relative to the sondes. The ECMWF humidity
analyses are moister than the GPS results by as much as 3 mm
in the subtropics (Figure 20).

As mentioned earlier, the subtropical GPS-ECMWF differ-
ence is probably somewhat overestimated due to the cold-
biased temperature analyses just above the true tradewind
inversion. It is interesting that the GPS-ECMWF PW bias and
that between the ECMWF analyses and radiosondes are sim-
ilar given that the present occultation profiles generally miss
the lowest kilometer of the atmosphere where specific humid-
ities are highest. If the GPS results are correct, there is not
much difference between the sondes and the ECMWEF in the
lowest kilometer of the atmosphere. If not, the GPS results
may be biased dry. Zonal differences will also exist simply
because the radiosonde-ECMWF comparison is annual, while
the GPS-ECMWF comparison only spans the JJ95 period. The
consistency of the GPS versus ECMWEF analysis comparison
and that of the radiosonde versus ECMWEF analysis compari-
son lends added credibility to the GPS results and suggests that
the ECMWF moisture analyses are generally biased somewhat
high.

The meridional dependence of the GPS-NCEP PW differ-
ence at low latitudes may partially reflect a bias in the TOVS-
based vertically integrated water content produced operation-
ally by the NOAA National Environmental Satellite Data and
Information Service (NESDIS). Wittmeyer and VonderHaar

KURSINSKI AND HAJJ: GPS OCCULTATION WATER VAPOR

[1994] found that the NESDIS TOVS retrievals systematically
overestimated the column moisture in the subtropics and un-
derestimated it in the tropics with respect to the Special Sensor
Microwave Imager (SSM/I) results, generally consistent with
the low-latitude GPS-NCEP PW differences in Figure 20.

7.10. Moist Peixoto and Oort Climatology Bias Due
to Radiosondes

In the Southern Hemisphere the GPS zonal mean moisture
estimates are generally smaller than those of PO. The greatest
negative GPS-PO differences in the free troposphere are
found near 20°S with absolute magnitudes greater than 1 g/kg
near the trade wind inversion (~2 km). Expected GPS errors
of ~0.1 g/kg, discussed in sections 3 and 6, are insufficient to
explain much of the observed bias pattern. Furthermore, the
GPS results agree more closely with those of ECMWF than
with the PO JJA climatology. Since a large portion of this
region contains zonal mean relative humidities lower than 20%
(Figure 12) and since minimum reported radiosonde relative
humidities have generally been truncated to 20%, it is not
surprising that a large negative humidity bias should exist in
this region. The correspondence of the location of maximum
fractional dry g bias (>50%) near 5 km altitude to that of the
minimum GPS zonal mean relative humidity (<10% relative
humidity) is consistent with a positive relative humidity bias in
the radiosonde data. Furthermore, comparable accuracy is ex-
pected of the GPS refractivity results in the Southern and
Northern hemispheres suggesting the moisture bias does not
result from a bias in the GPS refractivities. These facts suggest
that the free troposphere in the Southern hemisphere during
JJ95 is significantly drier than the JJA climatology of PO.

Since we cannot undo the radiosonde biases in the PO cli-
matology, we have tried to gain some insight by limiting the
minimum humidity of the GPS moisture profiles to 20% rela-
tive humidity (= g g,0)- The resulting specific humidity differ-
ences, 4 — 4 Gao and 4 G290 — g po, are shown in Figures 23 and
24, respectively. As expected, zonal mean moisture differences
are greatest in the southern subtropics and are significant in
the northern subtropics because these are the regions of lowest
zonal mean relative humidity. Since the 0.1-0.4 g/kg increases
in Figure 23 in the upper subtropical regions are comparable to
the differences there in Figure 19, the g 5,0 — Gpo differences
are small and have become slightly positive above ~5 km
altitude in the Southern Hemisphere and ~6 km in the North-
ern Hemisphere. The subtropics remain apparent in Figure 24
because regions where ¢ 5., — ¢po differences are still nega-
tive between 1 and 5 km altitude in the southern subtropics and
between 2 and 6 km in the northern subtropics. There is little
change between Figures 19 and 24 in the near-TCZ region of
positive GPS-PO differences below 5 km altitude, indicating
moisture in these regions seldom falls below 20% relative hu-
midity.

Overall, the increase in the GPS-derived specific humidities
produced by the 20% RH limit has reduced the difference
between the GPS and the PO specific humidities. Figure 23
provides some indication of zonal mean biases present in the
radiosonde data. Differences between Figures 19 and 24 indi-
cate that the dry GPS-PO differences in the upper subtropical
regions in Figure 19 probably contain significant contributions
from the wet bias created by the 20% relative humidity trun-
cation in the reported radiosonde data. It is also clear that the
20% truncation can only explain a portion of the differences in
regions where the g5 — gpo < 0 since the truncation elimi-
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Figure 23. Differences between the zonal mean specific humidity estimates, g5 and g 5., Where g is the
zonal mean specific humidity shown in Figure 11 and g g, is § g modified by having each GPS moisture profile
truncated to a minimum relative humidity of 20% before forming the zonal averages. Contours are at 0, +0.1,

+0.4, +1, and +2 g/kg.

nated the bias only in certain regions. Several possible expla-
nations for the behavior in Figure 24 include interannual vari-
ability, long-term trends, and biases due to spatial sampling
biases, particularly in the PO climatology. The existence of
drier GPS results even after the moistening associated with
truncating to 20% minimum relative humidity allows the pos-
sibility of real drying of the lower portions of the subtropical
free troposphere over the past 30 years. Given the importance
of the subtropical moisture distribution in maintaining the
Earth’s radiative balance and the uncertainties that exist re-
garding the distribution [e.g., Spencer and Bracewell, 1997],
such a possibility deserves serious consideration. The decrease
in opacity associated with reduced moisture in the lower sub-
tropical free troposphere would increase the radiation escap-
ing from the PBL to space, representing a potentially impor-
tant negative feedback in the climate system.

7.11.

It is tempting to overinterpret the GPS-PO differences
within the PBL, particularly given that the magnitudes of
GPS-PO boundary layer moisture differences near the ITCZ
are similar to those reported in several studies of low-latitude
radiosonde moisture trends [e.g., Elliott, 1995]. Unfortunately,
any conclusions drawn from the present GPS-MET data re-
garding internal PBL behavior are premature because of the
limited number of profiles that penetrate well into the bound-
ary layer (see Figure 6 (bottom)). As a result, the zonal mean
GPS estimates probably contain some bias at the lowest alti-

Planetary Boundary Layer Differences

tudes because the limited number of occultations probing well
into the PBL may do so only under certain conditions. One
might conclude that since this initial set of GPS occultations
probes deeper into dry regions than wet regions that the GPS
boundary layer results will be dry biased. However, occulta-
tions can probe well into the near-surface environment under
extremely wet conditions, as demonstrated in Figure 5. The
cause of the signal loss, which determines the lowest altitude of
an occultation profile, is actually related more to how rapidly
the moisture varies vertically than the absolute amount of
moisture. Therefore the sign of any low-altitude moisture bias
in the GPS results at low latitudes is unclear at present. We
hope that with newer GPS receiver-tracking capabilities under
development that tracking-occulted signals to the surface will
become routine, enabling routine and all-weather probing of
the PBL from space.

8. Summary and Conclusions

We have discussed the derivation of moisture from refrac-
tivity profiles retrieved from GPS occultations. We showed that
moisture derived from refractivity is related more directly to
specific rather than to relative humidity because refractivity
essentially represents a molecule counter. Individual specific
humidity profiles derived from occultations should have rms
errors ranging from 0.2 g/kg in the drier regions of the tropo-
sphere to 0.5 g/kg or more in the more moist regions, where
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Figure 24. Differences between the truncated, GPS estimate of zonal mean specific humidity for JJ95 (G g»0)
and the Peixoto and Oort estimate of specific humidity (g po) for June-July-August (JJA). Contours are at 0,

+0.1, +0.4, +1, and +2 g/kg.

horizontal variations in humidity can cause larger errors in the
refractivity profiles.

The bias or mean error in specific humidity should be accu-
rate to about 0.1 g/kg limited by biases in assumed tempera-
ture. This prediction is consistent with the GPS comparisons
with the ECMWF and NCEP moisture analyses as well as the
differences between GPS specific humidity estimates caused by
differences between the ECMWF and the NCEP temperatures
in the middle and upper troposphere. Accuracy at low latitudes
is probably somewhat better because of smaller temperature
variability there. Since humidity derived from refractivity is
absolute rather than relative, in regions where specific humid-
ity is small, estimates of relative humidity derived from GPS
results will be noisy and biased low. We found an extreme
situation near 60°S above 5 km altitude where the mean-
derived relative humidity is negative even though the mean
specific humidity is positive, implying that the ECMWF anal-
ysis temperatures in the region are unusually noisy with an rms
error of ~2.6 K.

To derive moisture, we used temperatures from global anal-
yses together with the hydrostatic relation to estimate and
remove the dry gas contribution to refractivity leaving the
moist part as the residual. While this approach is suboptimal,
a more complete and optimal approach that modifies the anal-
ysis temperatures requires knowledge of the error covariances
and biases of both the background analysis and the refractivity
observations. The simpler approach we have chosen recovers
most of the information and derives moisture information
from the GPS observations under drier conditions than a vari-

ational solution would because of the relatively small weight
the error covariances would give to the GPS results under such
conditions. While the individual GPS humidity profiles derived
in this manner may be noisier than the variational solutions,
zonally averaging them has allowed us to characterize under-
lying biases between the GPS and the analyzed moisture fields,
which can be very important in climate research and precipi-
tation forecasting.

We examined tropospheric water vapor derived from ~800
globally distributed GPS-MET occultation profiles acquired
between June 21 and July 4 1995 using temperatures interpo-
lated from 6 hour global ECMWF analyses and NCEP reanal-
yses. The moisture profiles extend from the 230 K temperature
level to typically within 1-3 km of the surface. Several profile
examples presented demonstrated the vertical coverage and
resolution of the occultation profiles and general consistency
between the occultation observations and the other measures
of atmospheric humidity.

Zonal mean moisture derived from the 800 profiles exhib-
ited basic climatological features, including the sharp decrease
in specific humidity with altitude and the large specific humid-
ity contrast between the summer and the winter hemispheres.
A relative maximum in specific humidity in the middle to upper
troposphere between 30°N and 40°N reflects the injection of
moisture into the free troposphere by the summer monsoons.
The signature of the tropical Hadley circulation is quite evi-
dent with maximum specific and relative humidity near the
ITCZ and a minimum in relative humidity to either side coin-
ciding with the subtropical zones of subsidence. The large
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range of relative humidities observed across the subtropics and
tropics is due almost entirely to variations in specific humidity
because temperature variations across these zones are small.
The asymmetry of the zones of minimum relative humidity in
the Northern and Southern Hemispheres is consistent with the
meridional asymmetry of the tropical Hadley circulation
strength. The lowest relative humidities ranging from 10 to
20% are found near 20°S in the free troposphere coincident
with the zone of the subsiding branch of the tropical Hadley
circulation in the winter hemisphere.

The occultation moisture estimates are somewhat drier than
the ECMWF global analyses below the ~260 K contour. The
magnitude of the dry bias generally increases toward warmer
temperatures except near 2 km altitude between 0° and 30°N,
where the GPS results are slightly more moist than the analy-
ses. The GPS results were generally drier than the NCEP
moisture analyses except near the ITCZ and the PBL north of
the ITCZ, where the NCEP reanalyses are significantly drier
than either the ECMWF or the GPS moisture estimates. The
largest dry bias of more than 1 g/kg near the trade wind inver-
sion in the southern subtropics is associated with vertical
smoothing of the inversion in the analyses. The similarity of the
GPS versus ECMWEF biases with comparisons between EC-
MWEF and radiosondes and SSM/I suggest the ECMWF anal-
yses are moist-biased and lend credibility to the occultation
results.

In the middle to upper troposphere of the Northern Hemi-
sphere the GPS results are significantly moister than the EC-
MWF and PO analyses but only slightly moister than the
NCEP reanalyses. The fact that the GPS and NCEP mean
humidities are close to saturation with respect to ice indicate
they may be overestimated. An unusual aspect of the GPS bias
relative to the ECMWEF analyses is its association with a pres-
sure (rather than refractivity) difference. While the cause is
uncertain, its symptoms are somewhat consistent with a warm
bias of ~0.6 K in the tropospheric analysis temperatures sug-
gesting a possible radiosonde temperature bias. However, the
smaller bias relative to the NCEP reanalyses, which also as-
similate the radiosonde data, may suggest otherwise.

We found significant differences between the PO moisture
climatology for JJA derived from 1963 to 1973 and that derived
from the GPS and ECMWF moisture results for the JJ95
period. Several potentially significant contributions to these
differences include natural variability, long-term trends, and
measurement errors as well as spatial biases inherent in the PO
climatology. The general coincidence of regions of dry biases
and regions of low relative humidity suggests a moist radio-
sonde bias contributes significantly to the dry biases. The GPS
and ECMWEF results reveal a much wetter ITCZ than that in
the PO JJA climatology that could reflect a moistening trend.
However, the similarity of the GPS-PO and GPS-NCEP biases
near the ITCZ, combined with much better agreement be-
tween the GPS and the ECMWEF-ITCZ moisture estimates,
suggest that the PO JJA moisture climatology and NCEP re-
analyses have underestimated the near-ITCZ humidity proba-
bly associated with an underlying model bias.

Finally, it is important to point out that our comparisons and
conclusions have involved the ECMWF forecasting and anal-
ysis system in ~1995. The ECMWF and NCEP systems im-
prove significantly with time. The present ECMWF system
includes significantly more model levels and a 4-D-Var assim-
ilation scheme and assimilates additional data types such as
SSM/T and ATOVS. We are therefore looking forward to in-
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tercomparison studies between the present-day global analyses
and the data from the new orbiting GPS receivers as well as the
eventual assimilation of the GPS data into the ECMWF,
NCEP, and NASA Data Assimilation Office (DAO) analysis
systems.

Appendix: Negative Mean Relative Humidity

Following Kursinski et al. [1995] and using the Clausius-
Clapeyron relation, the estimated zonal mean relative humid-
ity, including refractivity, pressure, and temperature errors, is

- P, ey €p er

ol of5-(5]

where P,, and P¥, are the true water vapor partial pressure and
saturation vapor pressure, b = 0.622L/R,T, L is latent heat
and R, is the gas constant for dry air, B = a,TP/a,P, =
a,Tm,la,qm,, €y is the error in the retrieved refractivity, €
is the error in the ECMWEF temperature and ¢, is the error in
the hydrostatic pressure estimate, and the overbar represents
the zonal mean.

Expanding the temperature errors in the exponential to sec-
ond order, and assuming that the true temperature variations
are uncorrelated with the temperature, pressure, and refrac-
tivity errors, and the ECMWF temperature errors are uncor-
related with the GPS refractivity errors and pressure errors,
yields

|7

= w ey €p er
U= 3[1+B<N—P> + (B~ b)p

~

Er ’
+(—Bb+b+b2)(7> ] (A1)
The first term on the RHS of (Al) is the true U and must be
positive. While the second and third terms representing con-
tributions of mean errors in refractivity, pressure, and temper-
ature can be negative, these terms will also cause g to be
negative. The term, which will cause U < 0 when g > 0, is the
—Bb term in (Al), which is always negative. The conditions
near 60°S and 5 km altitude where U and g are observed to be
negative and positive, respectively, are approximately g = 0.1
g/kg and T = 235 K. Under these conditions, b is ~26, and B
is ~300 such that Bb is much greater than either b or b2, and
the contribution of the mean square temperature error in (Al)
is indeed negative. The minimum mean square temperature
error to make (A1) negative is approximately

er\? 1

() =5
On the basis of these conditions and (A2), 2.6 K is the mini-
mum rms temperature error required to explain the negative
mean relative humidities and positive mean specific humidities
observed near 60°S. This is significantly larger than the more
typical 1.5 K rms error. It is worth noting that g generally
increases toward lower altitudes, causing B to decrease, while
the temperature errors do not vary much with altitude. As a
result, (A2) cannot be satisfied in regions where the true mean
specific humidity is much greater than 0.1 g/kg.

(A2)
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